Abstract. The electric load simulator is a typical nonlinear time varying uncertain system and its performance is affected mainly by the extraneous torque. Methods of compensating the extraneous torque are discussed in detail. These concluded that the selection of the feedforward compensation parameters and the acquisition methods of the feedforward signal, and the application of compound control strategy. These methods are the key technologies and research emphasis for the load simulator design in the future.
Introduction
The load simulator is an equipment in the ground semi-physical simulation experiment to simulate the aerodynamic forces on the aircraft control surface during flight. There are electrohydraulic load simulator and electric load simulator. The electro-hydraulic load simulator is based on a hydraulic actuator which is suitable for high torque and broadband load experiment. The electric load simulator, however, works by an electric motor with small output torque and is applied to provide load simulation for electric servo actuators [1, 2] .
The electric load simulator has only ten years of history and its design technology progress quickly in recent years. Compared to the electro-hydraulic load simulator, it has the advantages of high response speed and small load error. Engineering applications show that the main control problems of the electric load simulator are the extraneous torque and the system nonlinear characteristics [3, 4] . This paper discusses in detail the compensation methods for the extraneous torque of the electric load simulator.These methods includes theoretical analysis of the extraneous torque, selection of the loading electric motor, selection of the feedforward compensation parameters and acquisition the feedforward signal, and the application of compound control strategy.They are the key technologies and research emphasis in the future for the load simulator design.
The Mathematical Model of the Electric Load Simulator
The electric load simulator consists of process computer, preamplifier, linear power amplifier, torque motor, spring lever, servo actuator, torque sensor, signal amplifier and resolver as showed in figure 1 .
The model diagram of the electric load simulator is given in figure 2 [5] and equation (1) shows its transfer function. is the output torque of the servo actuator. In equation (1):
The extraneous torque results from the position output r  , of the servo actuator, while the actuator works. It was proved that the extraneous torque is related to the actuator's angular velocity, angular acceleration and acceleration of angular acceleration.
Control Strategy Analysis
The extraneous torque seriously affects the dynamic property and loading precision of the simulator, and at the control strategy aspect, restraining the extraneous torque is the key to improve system performance.
Fuzzy PID Control
The PID controller with the advantages of its simple structure and strong robustness, is widely used. However, its parameter modification is very inconvenient, and it lacks the ability of self-tuning. Therefore, the PID controller can not provide the controlled object with both good static and dynamic performance. The fuzzy PID controller has the advantages of nonlinearity, time varying and strong anti-interference ability, but it is unable to eliminate the system static error. The combination of the classic PID and the fuzzy PID, by using the classic PID when error is small while the fuzzy PID when error is large, has better static accuracy and quicker dynamic response. Figure 3 shows a fuzzy controller used in the electric load simulator. The static system error is eliminated by adding the output of the fuzzy controller to the integral of the fuzzy error. A parameter self-tuning fuzzy PID controller was introduced to solve the uncertainty problem induced by the nonlinearity and modeling inaccuracy of the electric load modulator [6, 7] , and it has promising control performance by constraining the extraneous torque effectively. Based on the fuzzy PID and the idea of adaptive control, a fuzzy adaptive controller was proved to improve the precision and response speed of the simulator obviously [8, 9] .
Structure Uniformity Principle
The structure uniformity principle is a common compensation method adopted in engineering. The advantages of this method lie in the structure simplicity, convenience for computer implementation and fast tracking the load instruction. The structure uniformity principle induces the servo actuator position signal to compensate the disturbance of the electric load simulator, in order to eliminate the extraneous torque [10] . The compensation schematic diagram is showed in figure 4 , and in the
is the feedforward compensator. The amount of the extraneous torque is related with the servo actuator's angular velocity, acceleration of the angular velocity and the acceleration of angular acceleration, so the feedforward compensator suppressing the extraneous torque is bound to a high order differential term. In practice, it is difficult to solve and the term is handled by approximation, which leads to incomplete of the extraneous torque elimination. The feedforward compensation was used to compensate the extraneous torque caused by the velocity and the acceleration [11] [12] [13] . Because the velocity and the acceleration signals are obtained from the continuous differential of the angular displacement signal, the signal quality is affected seriously by the noise and the phase lag of the angular velocity, which results in poor performance for the extraneous torque elimination. Besides the compensation of the position and the speed signal, a position servo motor with feedforward current compensation is added to overcome the limitations of angular displacement and angular velocity compensation in the position system, which reduced the compensation differential order of two orders, and the difficulty of realization of the compensator [14, 15] . The simulation and experiment results show that the method suppresses the extraneous torque and disturbance effectively, and increases the system static and dynamic accuracy.
Internal Mode Control
The internal mode control is a unique control system structure, and its design idea parallelizes the object and its model, and the controller approximates the model's dynamic inversion. In the single variable system, the internal mode controller is set as the inversion of the model's minimum phase, and enhances the system robustness by a low pass filter. The internal model controller does not require deeper understanding of the modeling mechanism and process. In the electric load simulator, the internal mode controller is used to suppress the extraneous torque and ensure the system torque tracking performance when the system has great uncertainty and strong coupling. The mechanism of the internal mode controller in the electric load modulator is showed in figure 5 , and Q(s) represents the internal mode controller, M(s) the system internal model, and F(s) the feedback filter. The internal mode control method was discussed in detail [16] . Without considering the model mismatch and interference, the model controller was designed by a cancellation method, to ensure the system's static and dynamic tracking characteristics. Then, a proper feedback filter was designed according to the system mismatch and interference, which guarantees the system's robustness and capacity of resisting disturbance. After the design of the internal mode controller, a filter with weighted function of the tracking error signal and the control signal, was induced by the H∞ mixed sensitivity design method, in order to improve the system bandwidth [17, 18] .
Neural Network Control Method
The neural network control method is the outcome of the combination of neural network theory and control theory, and it broke a new path to solve the control problem for a system with complex nonlinearity and uncertainty. The neutral network can approximate any continuous nonlinear function to arbitrary accuracy, and has the advantages of self-tuning and self-learning to complex uncertainty problem. The combination of the neutral network and the PID control has become an important method in the electric load simulator controller design. At present, BP neural network with PID control, RBF neural network with PID control, DRNN neural network with PID control and CMAC neural network with PID control have been applied. The mechanism of the DRNN neutral network with PID control is showed in figure 6 . A real-time tracking control scheme with the diagonal recurrent neural network (DRNN) and the conventional PID controller working together is introduced [19] . The PID controller ensures the system stability. The DRNN reduces the output of the PID controller by correcting its network parameters online, and gradually replace it in the training process. Methods based on RBF neural network and the PID control is studied by an offline construction and online adjustment strategy [20] . The RBF network construction algorithm is improved, and by fully use of the existing prior knowledge, the online local network optimization is realized, which controls the amount of computation and the scale of the network effectively, and ensures the hardware implementation of the control algorithm. In order to enhance the adaptive capability of the electric load simulator to resist the system's nonlinearity, the time varying parameters and the extraneous torque, the control method consisting CMAC and PID in parallel was proposed [21] [22] [23] . The PID controller ensures the system's initial stability, and a two-dimensional reference input of the speed signal and the error signal is lead into the CMAC, which provides the system with adaptive anti-disturbance ability, and reduces the influence of the extraneous torque.
Adaptive Control
Adaptive control is an important content of modern control methods. Adaptive control, same as the conventional feedback control and optimal control, is a control method based on mathematical model. The difference is that the prior knowledge of the model and disturbance is rare in the adaptive control, so it need to keep extracting model information during the operation process, which completes the model. The adaptive control can be applied to systems with uncertainty, and it can solve the model parameter disturbances induced by nonlinearity and load variation effectively in the electric load simulator. The mechanism of the adaptive control in the electric load simulator is showed in figure 7 . In the electric load simulator, in order to keep good performance in various load gradient, the control parameters should change accordingly. The control parameters are set by an interpolation method when the load gradient changes continuously, and a simple adaptive control scheme is formed [24] . A model reference adaptive controller (MRAC) is introduced [25] , which is proved to constrain the extraneous torque effectively and improve the system tracking performance.
Conclusion
The electric load simulator is a typical nonlinear, time varying, uncertain system. The literature suggests that almost all the load simulators use feedforward compensation methods to eliminate the extraneous torque. However, there are limitations in the feedforward compensation methods and the control effect need to be improved. Methods to choose the feedforward parameter, obtain the feedforward signal and improve the compensation precision, will be studied widely in the future. The PID control is an effective method to improve the stability of the load simulator, but its dynamic tracking precision is poor due to the time varying parameters. The composite control strategy by combining the PID control and the modern control methods, with adaptive capability to overcome the load simulator's nonlinearity and parameter uncertainty, has become the future research direction hfor the load simulator controller design.
Current and Future Developments
The extraneous torque compensation technique is the key technique of the electric load simulator design. It is directly related to the success or failure of the load simulator. At present, research on the extraneous torque compensation technique has achieved certain results. With the development of the control theory and the computer software and hardware technology, the extraneous torque compensation technology and the loading accuracy of the electric simulator will be further improved. The application prospects of high precision electric load simulator in aircraft simulation experiment will be more extensive.
